The composite coatings were fabricated by laser cladding Ni60A/B 4 C pre-placed powders on the surface of Ti-6Al-4V alloy for improving wear resistance and hardness of the substrate. In this research, the composite coatings were studied by means of X-ray diffraction, scanning electron microscope and energy dispersive spectrometer. The sliding wear tests were performed using MM200 wear test machine. The hardness of the coatings was tested by HV-1000 hardness tester. After laser cladding, it was found that there was a good metallurgical bond between the laser cladding coating and Ti-6Al-4V substrate. The composite coatings were mainly composed of the matrix of γ-Ni and a little Ni 3 Ti and the reinforcements of TiB 2 , TiC and CrB. The hardness of the sample of Ni60A-5B 4 C was approximately 2.5-3.5 times that of the Ti-6Al-4V substrate. The hardness of the sample of Ni60A-10B 4 C was 30% higher than that of sample 1. The wear resistance of samples 1 and 2 were 11 times and 10 times that of the substrate, respectively.
Introduction
Titanium alloys possess lightweight, high-temperature strength and corrosion resistance but have poor friction and wear resistance, restricting their applications [1] [2] [3] . In order to improve the wear resistance of titanium alloy, several surface modification techniques have been applied, such as chemical heat treatment [4] , chemical plating [5] , physical vapor deposition (PVD), chemical vapor deposition (CVD) [6] and thermal spraying [7] . However, these methods have their own limitations. For instance, the films deposited onto Ti alloys were often very thin and exhibited poor adhesion with the substrate. Laser cladding coating on the surface is an effective technique to improve the wear resistance of titanium alloys by introducing the hard phases as reinforcements in the metal matrix [8] .
Ceramics are widely applied to improve the properties of coating because of their excellent wear, corrosion, heat and high-temperature oxidation resistance [9] . However, due to the brittleness of ceramics, pure ceramic coatings show poor wear resistance processed by laser cladding technique [10] . Metal materials exhibit good ductility performance and machining performance. The distinction in physical properties between ceramics and metals is too large. Therefore, combining the ductility of metal materials and the wear resistance of ceramics is a research hot spot. Li et al. [11] studied the microstructure, microhardness and wear resistance of Al/TiC composite layer fabricated by laser cladding on Ti-6Al-4V. Sun et al. [12] reported that the hardness of the Ti/TiC composite coating was 7.4 times higher than that of the pure Ti. Li et al. [13] researched wear behaviors of a (TiB+TiC)/Ti composite coating fabricated on Ti-6Al-4V alloy by laser cladding. The result showed that the composite coating exhibited excellent wear resistance under dry sliding wear test conditions. Li et al. [14] in situ synthesized TiN-TiB/Ti-based composite coating by laser cladding on Ti-3Al-2V alloy. The micro-hardness of laser clad layer was 800-1200 HV 0.3 , which was about 5 times that of the substrate. The wear mass loss of the substrate was almost 2 times that of the clad layers.
In this paper, laser cladding on Ti-6Al-4V alloy with B 4 C (Mudanji-ang Boron Carbide co., LTD, Mudanjiang, Heihongjiang, China) and Ni60A as the pre-placed mixed powders was studied. The growth morphology and composition of some certain phases in the cladding coating were investigated. The hardness and wear behavior of the coatings were estimated. This research provided essential experimental and theoretical basis to enlarge the application of titanium alloys.
Materials and methods
Ti-6Al-4V alloy (BaoTai Group, Baoji, Shanxi, China) was selected as the substrate material with the composition of 6 wt.% Al, 4 wt.% V and balance Ti. The sizes of metallographic samples and wear samples were 10 mm × 10 mm × 10 mm and 10 mm × 10 mm × 30 mm, respectively. And the samples were abraded with SiC grit paper prior to the laser (Shanghai Institute of Optics, Shanghai, China) cladding. The commercial pure Ni60A alloy powder (BGEIMM Advanced Materials Science & Technology co., LTD, Changping, Beijing, China) ( ≥ 99.1% purity, particle size, 50-80 μm) and commercial pure boron carbide powder ( ≥ 99.5% purity, 44-46 μm) were selected as the pre-placed materials for processing composite coatings by laser cladding. The chemical composition of the Ni60A alloy powder is shown in Table 1 . The water glass (Na 2 O·nSiO 2 ; Sinopharm Chemical Reagent Co., Ltd, Xi'an, Shanxi, China) was used to bond mixed powder with different mass percentage (Ni60A-5%B 4 C, Ni60A-10%B 4 C) on the surface of substrate with a thickness of 0.6-0.8 mm. The samples were processed by a 1.5 kW continuous wave CO 2 laser with a beam size of 3 mm. Four-track cladding trials were made with the 20% overlapping rate under the condition of 950 W power and 5 mm/s scanning rate. Argon under the pressure of 0.25-0.3 MPa was used to protect the molten pool from oxidation during laser cladding processing.
Metallographic samples were polished and etched in a solution of HF (Sinopharm Chemical Reagent Co., Ltd, Xi'an, Shanxi, China), HNO 3 (Sinopharm Chemical Reagent Co., Ltd, Xi'an, Shanxi, China) and H 2 O. And the volume ratio of this corrosion solution was 1:1:7. The phase constituent of the composite coatings were identified by X-ray diffraction method (XRD, Rigaku D/Max-rC made in Osaka, Japan) with Cu Kα radiation operated at a voltage of 60 kV, a current of 40 mA and a scanning rate of 5°/min. The microstructures of the coatings were analyzed by Quanta200 scanning electron microscope (SEM; FEI, Amsterdam, Holland). Genesis2000 energy dispersive spectrometer (EDS; FEI, Amsterdam, Holland) was used to measure the elements distribution of the composite coatings. The hardness of the coatings and substrate were tested by HV-1000 (Laizhou Huayin Instrument Co., Ltd, Laizhou, Shandong, China) harder tester. And sliding wear tests were performed using MM200 (Gansu Wuzhong Materials Test Machine Factory, Wuzhong, China) wear test machine with a load of 10 kg, and the rotational speed of the wear wheel was 400 rpm. The abrasive wheel was made of YG6 with a size of Φ40 mm × 12 mm. The lost weight was evaluated every 10 min using an electronic balance with an accuracy of 0.1 mg. Figure 1 shows the XRD spectrum of laser clad sample 1 (Ni60A-5B 4 C) and sample 2 (Ni60A-10B 4 C). Phase constituents of the coating were identified from the XRD spectrum. According to the indexed results of the diffraction peaks in terms of Joint Committee on Powder Diffraction Standards (JCPDS) cards, the coating consisted of a great amount of TiC, TiB 2 , CrB, γ-Ni and Ni 3 Ti. Since the clad material were nickel alloy and B 4 C, the TiB 2 and TiC were new phases formed in the clad coating. During laser heating process, the surface of the titanium alloy substrate was melted and mixed with the clad materials to some extent by convection and diffusion. In addition, titanium had strong affinity with B and C, forming carbide and boride in the coating by in situ reactions (1) and (2):
Results and discussion

Microstructure and phase analysis
Since the changes of Gibbs free energy of the above exothermic reactions were negative, they spontaneously proceeded from the view of thermodynamics [15, 16] . Then the free energy of TiB formation was smaller than that of the TiB 2 formation [15, 16] ; TiB formed prior to TiB 2 if there were enough titanium element in the molten pool. Wang et al. [17] reported that TiB phase formed in the coating by laser cladding B 4 C (2.5 wt.%) and Ti-8Al-1Mo-1V powders. The TiB 2 phase formed in molten pool instead of TiB owing to the lack of Ti elements supplying for the reaction in this research. Due to rapid cooling rate of the molten pool, Ti had not enough time to extend into the pool, and TiB 2 phase synthesized with enough B and deficient Ti in the coating instead of TiB phase. CrB was the old phase in the clad materials [18] . The diffraction peaks related to B 4 C were not found in the XRD pattern, which indicated that all of the pre-placed B 4 C reacted with Ti.
The cross-sectional micrographs of sample 1 and sample 2 are shown in Figure 2 . The cross section contained three sections: clad zone, dilution zone and heat-affected zone. It was seen that there was an excellent metallurgical bond between laser cladding coating on sample 1 and the Ti-6Al-4V substrate without micro-cracks, pores or inclusion. But in the cladding coating on sample 2 there were some pores. During the laser cladding, B 4 C powders absorbed a large number of energy to decompose and reacted with Ti element from substrate. The percentage of B 4 C powder of sample 2 was higher than that of sample 1. Therefore, the freezing time laser cladding coating of sample 2 was shorter than that of sample 1. Gas in the melting pool of sample 2 had not enough time to escape.
The thickness of the dilution zones in samples 1 and 2 were approximately 150-200 μm. The dilution zone of sample 2 was wider than that of sample 1. Owing to the A B higher mass percentage of B 4 C in pre-placed coating on sample 2, much more Ti entered into the molten pool. As shown in Figure 3 , the dilution zones mainly comprised dendrite crystals. The composition of dendrites determined by EDS were 49.02 wt.% Ti, 3.49 wt.% Al, 36.36 wt.% Ni, 1.56 wt.% Cr, 3.72 wt.% V, 0.39 wt.% Si, and 5.46. wt% Fe. It indicated that the dilution zone was a mutually melted region of Ti-6Al-4V alloy (the substrate) and the clad materials (Ni60A-B 4 C). In fact, the dilution rate rose with the increase of percentage content of the B 4 C powder. It made much more Ti particles from the substrate enter into the melt pool. And the dilution zone reduced the difference in hardness and expandability between the coating and the substrate. Thus, the adhesion of the coating with the substrate was improved. Figure 3 shows that the heat-affected zone of the Ti-6Al-4V substrate contained a lot of acicular martensites. The microstructure of the coatings on sample 1 and sample 2 are shown in Figure 4 . Block-shaped crystals (A1), spot-shaped crystals (A2) in linear arrangement and whisker-shaped crystals (A3) dispersed in the coating of sample 1. And there were lath-shaped crystals (B1), spotshaped crystals (B2) in linear arrangement and whiskershaped crystals (B3) dispersing without assembling in the coating of sample 2. The block-shaped crystals in the coating of sample 1 were triangle, quadrilateral, pentagon or hexagon with a size of 6-8 μm. And the spot-shaped crystal was round with a size of about 1 μm and arranged in a line. It should be dendrites in three dimensional spaces. The whisker-shaped crystal had a length of 5 μm and a diameter of 1 μm. And a high proportion of them were located in the grain boundary of the block-shaped crystals. Owing to higher mass percentage of B 4 C powders, the concentration gradient of B and C were greater in the pre-placed materials of sample 2. Therefore, the size, the morphology and the amount of reinforcements changed obviously. The block-shaped crystals grew into the lathshaped crystals. The length of whisker-shaped crystals was twice that of the original. In order to determine the three phases, the EDS spot analysis was used to identify their composition. As shown in Figure 5A -C, the block-shaped crystal mainly consisted of B and Ti, the spot-shaped crystal mainly comprised C and Ti, and the whisker-shaped crystal was mainly composed of B and Cr. By reference to the weight percentage and atomic percentage, we preliminarily assured that the three phases were TiB 2 , TiC and CrB. According to the result of the XRD analysis, the blockshaped crystal, spot-shaped crystal and whisker-shaped crystal were identified as TiB 2 Figure 5D , the matrix of the coating of sample 1 consisted of C, Al, Ti, Cr and Ni. According to the weight percentage, the matrix was rich in Ni and Ti. So the structure of the matrix was γ-Ni and Ni 3 Ti. And lath-shaped crystal (B1), spot-shaped crystal (B2) and whisker-shaped crystal (B3) in the coating of sample 2 were TiB 2 , TiC and CrB analyzed in the same way as sample 1. With pre-placed B 4 C (2%) and NiCrBSi powders on Ti-6Al-4V substrate, Fan et al. [18] had in situ synthesized TiB 2 and TiC reinforcements by laser cladding. TiB 2 was the block-shaped crystal, TiC was the spot-shaped crystal and CrB was the whisker-shaped crystal as reported in Ref. [18] . Their morphologies were the same as that of A1, A2 and A3 in Figure 4A . Meng et al. [19] studied laser cladding of Ni-based composite coating onto Ti-6Al-4V substrate with pre-placed B 4 C+NiCrBSi. The morphologies of the reinforcements were similar to that in the present research. Figure 6 shows micro-hardness curves of sample 1 and sample 2. It was found that from the coating to the heataffected zone, the micro-hardness gradually decreased. The micro-hardness distribution of sample 1 was similar to that of sample 2. The micro-hardness of the clad zone in sample 1 was in the range of 905-1132 HV 0.2 , which was approximately 2.5-3.5 times that of the Ti-6Al-4V substrate (about 360 HV 0.2 ). The micro-hardness of the clad zone in sample 2 was in the range of 1060-1239 HV 0.2 , which was 30% higher than that of sample 1 and 3-4 times that of the substrate. It was considered that the higher microhardness of the coating of sample 2 was attributed to the greater number of hard reinforcing phases TiB 2 , TiC and CrB. And the sizes of the reinforcements in sample 2 were much bigger than that of sample 1.
Micro-hardness and wear resistance 3.2.1 Micro-hardness
Wear resistance
As shown in Figure 7 , the test of the mass loss of samples and substrate lasted a period of 40 min. It was found that wear resistance of composite coatings was much superior to that of the unclad substrate. It indicated that in situ TiB 2 , TiC and CrB particles in the composite coatings significantly enhanced wear resistance. It was found that the wear mass loss of the Ti-6Al-4V substrate was about 11 times that of the coating of sample 1. This was ascribed to the higher micro-hardness of the composite coating. On the other hand, TiB 2 , TiC and CrB reinforcements had lower friction coefficients [20] and reduced the contact area of the matrix with the counterface. Due to the production of the pores, the wear mass loss of the coating in sample 2 was twice that of sample 1. Moreover, as mentioned previously, the sizes of reinforcements in the coating of sample 2 was greater than that of sample 1 because fine grain coating had higher strength, hardness, plasticity and toughness than coarse grain coating. The worn morphologies of the Ti-6Al-4V substrate in sample 1 and sample 2 are shown in Figure 8 . As shown in Figure 8A , deep grooves and large chips were exhibited on the worn surface of the Ti-6Al-4V substrate under the dry sliding wear test conditions. On the worn surface of the coating on sample 2, there were much shallower grooves and adhesive features (see Figure 8C ). This indicated that the ceramic phases fabricated in the coating exhibited the effective property of the wear resistance. There were only scratches on the worn surface of the coating on sample 1 (see Figure 8B ). And the dispersal reinforcements can withstand the external normal load, leading to the improvement of wear resistance of the coating of sample 1 and sample 2. Due to the higher content of ceramics and more pores in the coating of sample 2, the wear mass loss of sample 2 was higher than that of sample 1.
Conclusion
This study resulted in the following conclusions: (1) Under suitable laser processing parameters, laser cladding coating reinforced by TiB 2 , TiC and CrB was fabricated on Ti-6Al-4V alloy with Ni60A and B 4 C as pre-placed powders. The surface performance of the substrate was notably improved. (2) The coatings were composed of TiB 2 , TiC and CrB reinforcements and the matrix of γ-Ni and a little Ni 3 Ti. (3) The cross sections of the samples were divided into clad zone, dilution zone and heat-affected zone. The dilution zone reduced difference in hardness and expandability between the coating and the substrate. The adhesion between the coating and the substrate was improved. (4) In situ composite coatings had an excellent wear resistance under dry sliding condition and high hardness because of the presence of TiB 2 , TiC and CrB reinforcements in the composite coatings. The hardness of the coating in sample 1 was approximately 2.5-3.5 times that of the Ti-6Al-4V substrate. The hardness of the coating on sample 2 was 30% higher than that of sample 1. The wear resistance of samples 1 and 2 was 11 times and 10 times that of the substrate, respectively. 
